This study investigated the effect of sildenafil on uterine volumetric blood flow (UVF) and vascular impedance in nonpregnant, nulliparous women. Fifteen women were randomized in a double-blind fashion to receive either placebo or sildenafil (25 or 100 mg) during the luteal phase of the menstrual cycle. Color Doppler ultrasound of both uterine arteries was performed at baseline and at 1 and 3 hours postdosing to calculate resistance index (RI) and UVF. Those who received sildenafil significantly increased UVF and decreased RI over the 3-hour monitoring period. When UVF responses to sildenafil were examined as a function of baseline UVF, a significant increase in UVF was observed in only those participants with higher baseline UVF. Overall, women in the luteal phase demonstrated a significant increase in UVF in response to sildenafil. However, this increase appears to be directly associated with basal UVF.
INTRODUCTION
Abnormal uterine hemodynamics in early pregnancy have been linked to increased risk of intrauterine growth restriction (IUGR), reduced birth weight, and preeclampsia. [1] [2] [3] . Animal models designed to evaluate the effect of uterine blood flow on fetal growth have shown a strong association with attenuation of uteroplacental blood flow and incidence of IUGR. [4] [5] [6] Prenatal preventative treatments and therapies for IUGR, aimed at improving uteroplacental perfusion, have included pharmacologic agents such as low-dose aspirin, low-molecular-weight heparin, betamimetics, calcium channel blockers, and nitric oxide (NO) donors. 7, 8 However, these pharmacologic agents are not always effective as preventative treatments or as therapies. For example, studies have failed to show a beneficial effect of betamimetics and calcium channel blockers for the treatment of IUGR. 8 Nitric oxide donors have also been suggested as therapies for IUGR, as NO is a key component of the vasodilatory mechanism in arteries and facilitates increased uteroplacental blood flow. [9] [10] [11] Contrary to the studies using betamimetics and calcium channel blockers, research conducted in pregnant women evaluated the effect of L-arginine, an NO precursor, as a treatment for IUGR has demonstrated a significant increase in the weight of growth-restricted newborns. 11 Nitric oxide is a key signaling molecule involved in the vasodilatory response of smooth muscle cells. Nitric oxide activates the cyclic guanosine monophosphate (cGMP)/protein kinase G (PKG) pathway within smooth muscle cells to promote smooth muscle cell relaxation. Animal studies were among the first to identify NO as a vasodilatory agent that increased uterine blood flow. 12, 13 Sildenafil citrate inhibits phosphodiesterase 5 (PDE5), maintaining activation of cGMP and PKG and maximizing the effect of existing NO, thus facilitating smooth muscle cell relaxation. The potent vasodilatory action of sildenafil has led researchers to evaluate sildenafil as a treatment in assisted reproduction where low uterine blood flow is perceived to be a contributor to implantation failure. 14, 15 Interestingly, uterine pulsatility indices in women who received sildenafil while concurrently undergoing in vitro fertilization were decreased, suggesting reduced uterine vascular impedance and increased uterine blood flow. These women also had a thicker endometrium. 15 In women with inadequate endometrial development, sildenafil was noted to increase endometrial development and improve in vitro fertilization outcome. 14 The profound vasodilatory effect of NO on vascular tissue coupled with the effect of sildenafil on the endometrium in nonpregnant women suggests the NO pathway as a potential candidate for manipulation in the search for a successful treatment of pregnancy complications associated with reduced uterine perfusion. The current study was designed to investigate the hemodynamic effect of sildenafil on the uterine artery in nonpregnant women in a placebo-controlled double-blind fashion.
METHODS
This study was designed as a pilot investigation with Institutional Review Board approval for recruitment of up to 30 subjects. A planned interim analysis was performed after 15 participants were randomized. At that time the primary study endpoint was determined to have been met. Additional power analyses revealed that additional recruitment was unlikely to clarify distinct hemodynamic responses for the two doses of sildenafil being tested and subject recruitment was stopped.
Fifteen young, healthy, primarily Caucasian (93%, 14 of 15), nulligravid women were recruited during the luteal phase of their menstrual cycle. Women were recruited over a 2-year period, starting in May 2006 and ending in June 2008. Study participants were between the ages of 18 and 40, nonsmokers, and free from major medical illness, including cardiovascular disease or diabetes mellitus. Each participant was asked to abstain from alcohol and caffeine for at least 24 hours prior to their study visit and to avoid the use of decongestants and nonsteroidal medications for at least 48 hours before their visit. Patients were randomized to receive orally delivered placebo, sildenafil 25 mg, or sildenafil 100 mg (1:1:1) in a double-blind manner.
Each assessment was conducted between 8 AM and 10 AM. Participants were admitted to the University of Vermont General Clinical Research Center on the day of the study after an overnight fast. Studies were performed during the luteal phase of the menstrual cycle (cycle day 22 + 4.9). A first-void urine was obtained to confirm the nonpregnant state. Following height and weight determination, participants rested in the supine position for the remainder of the study and for a minimum of 30 minutes prior to hemodynamic assessment. The research protocol was approved by the University of Vermont Human Investigational Committees. All women provided written informed consent.
Uterine Volumetric Blood Flow, Resistance Index, Cardiac Output, and Uterine Index
Using color Doppler ultrasound, uterine artery vascular impedance (resistance index [RI]), uterine artery blood flow, and cardiac output (CO) were measured at baseline (0 hours) and at 1 and 3 hours postdosing. The 1-and 3-hour time points were chosen because they are closely associated with peak serum concentrations following oral ingestion and a first half-life of 4 hours. All ultrasound measurements were made by the same individual. Uterine blood flow was assessed using color Doppler ultrasound with an 8.0-MHz transvaginal transducer using a Vivid 7 General Electric ultrasound unit (Milwaukee Wisconsin). Uterine artery measurements were obtained lateral to the cervix at the level of the internal os prior to uterine artery branching. Vessel diameter was measured during power color Doppler imaging. Five estimates of vessel diameter were obtained for the right uterine artery. For determination of average mean velocity, angle correction was employed and all angles of sono-incidence were less than or equal to 60 . Five velocity measurements were taken of the vessel, and the average mean velocity was calculated over an observation window of 1 to 3 minutes. Mean vessel diameter was used to calculate uterine volumetric blood flow (UVF) after integration with average mean velocity to express flow in mL/min: ([time averaged mean velocity] Â cross-sectional area [calculated as pr 2 ] Â 60).
Cardiac output was determined by Doppler echocardiographic examination using a 4.0-MHz matrix array transducer. Doppler-derived forward stroke volume (FSV) across the aortic valve was calculated as the product of the left ventricular outflow tract area and the outflow tract velocity time integral as assessed by pulsed Doppler using previously described methods. 16 Five complete spectral envelopes with the largest Doppler shift were recorded and averaged for each patient. The Doppler stroke volume was calculated as the product of the outflow tract area and the velocity time integral. Cardiac output is expressed as mL/min after integration of stroke volume with pulse rate.
Uterine index (UI) was calculated as UVF divided by CO. This measurement was used to differentiate from a global generalized change in blood flow versus a redistribution of systemic blood flow favoring the uterine vascular bed during pregnancy.
Flow-Mediated Vasodilation
Flow-mediated vasodilation is known to be an NOmediated effect and indicates endothelial cell function. 17, 18 Therefore, we sought to examine flow-mediated vasodilation of the brachial and popliteal arteries to determine whether baseline endothelial cell function could assist in predicting the individualized response to sildenafil.
Prior to randomization to either placebo or sildenafil, baseline flow-mediated vasodilation studies were performed in both the brachial and popliteal arteries using color Doppler ultrasound. For brachial artery volumetric flow, a blood pressure cuff was placed over the distal forearm, approximately 4 cm below the antecubital fossae, and inflated to 50 mm Hg above the research participant's systolic blood pressure. Five minutes after inflation, the blood pressure cuff was deflated. Vessel diameter was calculated at 50, 60, and 70 seconds after deflation. Popliteal artery blood flow was calculated using the same procedure as for brachial artery blood flow with the blood pressure cuff placed approximately 4 cm below the popliteal fossae.
Mean Arterial Pressure and Pulse
Blood pressure and pulse were also obtained using an automated blood pressure cuff and recorded at baseline, 60, 90, 120, 150, and 180 minutes postdosing.
Statistical Analysis
Two-way repeated measures analyses of variance (ANO-VAs) were used to compare participants randomized to placebo and those receiving sildenafil with respect to changes in mean arterial pressure (MAP), pulse rate, UVF, and RI. The two factors represented group (an acrossparticipant function) and time (a within-participant function). Initial analyses examined differences between the 3 randomized groups (placebo, 25 mg sildenafil, and 100 mg sildenafil). Because the trend in the 2 sildenafil groups was similar with no evidence of a dose effect, these 2 groups were combined for subsequent analyses to increase power for comparisons relative to placebo. Subsequent to the overall ANOVA, F tests corresponding to simple effects were used to examine temporal trends within sildenafil and placebo groups. Similar analyses were conducted within the sildenafil group to investigate whether baseline values were predictive of who would respond to active treatment. For this latter analysis, 2 groups of participants were defined based on performing a median split depending on baseline UVF. Pearson correlation coefficient (r) was used to examine the correlation between flow-mediated vasodilation responses in both the popliteal and brachial arteries and the change in UI at the 1-and 3-hour time points. Analyses were performed using SAS Statistical Software Version 9 (SAS Institute, Cary, North Carolina). All data are expressed as mean + standard error of mean (SEM)
RESULTS

Baseline Characteristics
There were no significant differences in any measured physiologic characteristics between participants randomized to placebo and sildenafil treatment groups (Table 1) .
Mean Arterial Pressure and Pulse
Mean arterial pressure significantly decreased over time across groups in association with supine rest (P ¼ .007). However, there was no evidence this decrease was treatment dependent (P ¼ . 14) , and there were no significant differences in MAP between placebo and sildenafiltreated groups at any of the post-dose assessments (baseline: 84 + 2 vs 76 + 3, 60 minutes: 81 + 2 vs 74 + 2, 180 minutes: 76 + 2 vs 72 + 2 for placebo and sildenafil groups, respectively). Pulse rate did not significantly change over time in either group (P ¼ .53), and there were no significant difference in the temporal patterns in pulse between placebo and sildenafil-treated groups (P ¼ .76).
Uterine Volumetric Blood Flow, RI, UI, and CO
Uterine volumetric blood flow was significantly increased in the sildenafil-treated group at the 1-and 3-hour postdosing time points as compared to baseline and the placebotreated group (P < .05; Figure 1 ). Overall, there was a trend toward UVF increasing over time (P ¼ .09) in a treatmentspecific manner (P ¼ .10; Table 2 ). Within-group analyses showed that this increase was due to significant changes over time in the sildenafil-treated group (P ¼ .003) but not in the placebo group (P ¼ .99; Table 2 ). With respect to RI, there was a significant time effect (P ¼ .03). Within group analyses indicated that this temporal effect was driven by a significant decrease within the sildenafil-treated group (P ¼ .03; Table 2 ). No significant change over time was observed in the placebo group (P ¼ .28). Analyses of UI resulted in no significant change over time being observed across groups (P ¼ .11; Table 2 ). However, a significant increase over the 3-hour time period was observed within participants randomized to sildenafil treatment (P ¼ .006), while no significant change was observed over time in the placebo-treated group (P ¼ .97; Table 2 ). There was no evidence of changes in CO over time in participants randomized to either the sildenafil or placebo group (P ¼ .66 and P ¼ .80, respectively; Table 2 ).
As a post hoc exploratory analysis, we investigated whether participants' baseline UVF was predictive of who might respond to sildenafil treatment. We partitioned the sildenafil-treated participants into 2 groups based on a median split: those whose baseline UVF was below the median (15.2 mL/min) and those with baseline UVF was above the median, and compared their response at the 1-and 3-hour postdosing time points. When the low UVF group was compared to the high UVF group, there was a significant difference between the low-flow group and the high-flow group in UVF across time (P ¼ .003). A significant increase in UVF was observed in the high-flow group over time (P ¼ .001; Table 3 ), whereas there was no significant increase in the 5 participants with lower baseline UVF. Within group analyses showed a significant post-dose increase in sildenafil-treated participants who had higher baseline UVF (P < .001), but no evidence of a change in those with lower UVF at baseline (P ¼ .62; Table 3 ). Results for UI paralleled the patterns observed for UVF. With respect to RI, there was a borderline significant time effect in the low UVF group (P ¼ .05) but not in the high UVF group (P ¼ .31; Table 3 ). For participants with lower UVF, the mean RI values were decreased at 3 hours compared to predosing. No significant change was observed in mean CO in either the low or high UVF group (Table 3) .
Flow-Mediated Vasodilation and Correlative Statistical Analysis
We evaluated the correlation between the flow-mediated vasodilation responses in both the popliteal and brachial arteries and the change in UI at the 1-and 3-hour time points. We found no significant association between the flow-mediated dilation in either vascular bed and the change in UI. 
DISCUSSION
Uterine perfusion is a key component in facilitating fetal growth (reviewed by Reynolds et al 19 ). Abrogated uterine blood flow is often correlated with fetal growth restriction, lower birth weights, and increased fetal mortality and neonatal morbidity and mortality (reviewed by Reynolds et al 19 ) . Increasing numbers of studies are investigating therapies targeted toward augmenting uterine perfusion in hopes of successfully increasing fetal growth. A dysfunctional NO signaling pathway has been implicated in contributing to vascular incompetence leading to inadequate uterine perfusion seen in preeclamptic and IUGR-complicated pregnancies. [20] [21] [22] Research in both humans and animals has focused on therapies that manipulate the NO pathway including administration of NO donors and sildenafil. 9, 11, [23] [24] [25] While NO donors provide a source of NO, PDE5 inhibitors, such as sildenafil, act downstream of NO production and augment the vasodilatory effect of existing NO by inhibiting the hydrolysis of cGMP, thus sustaining NO signaling.
Animal models have been used to study the effect of sildenafil on uterine blood flow with varying results. 26 One study found that only when pregnant rats were exposed to hypoxia did sildenafil increase fetal weights. 24 However, in another study, treatment of pregnant rats with sildenafil alone increased fetal weights. 26 Although uterine blood flow in these experiments was not evaluated, a subsequent study performed in ovariectomized nonpregnant sheep showed increased uterine blood flow with sildenafil treatment. 26 We observed a similar result in our study indicating that in nonpregnant, nulliparous women, sildenafil induced a short-term increase in UVF. However, on examination of individual responses to sildenafil, there was a clear delineation between participants with higher baseline flow versus those with low baseline flow. We found that the high UVF participants had an increased UVF response to sildenafil, whereas the opposing group was not significantly affected by sildenafil treatment. Surprisingly, RI decreased in those participants with low UVF, yet UVF was not significantly affected. This dichotomy suggests that sildenafil affects UVF and RI by separate and exclusive means, or that the relative effect of sildenafil on uterine vascular impedance, compared with the peripheral vasculature, is not sufficient to create significant volumetric flow redistribution. Abbbreviations: UVF, uterine volumetric blood flow; RI, resistance index; UI, uterine index; CO, cardiac output; LSD, least significant difference; ANOVA, analysis of variance. a Participants (n ¼ 10) were separated into low (n ¼ 5) and high (n ¼ 5) baseline UVF groups based on a median split. b Significance of time effect within each group based on repeated measures 2-way ANOVA. Within-group means across time sharing a common superscript letter are not significantly different (Fisher LSD, P < .05).
Our observation that there may be sildenafil responders and nonresponders was unexpected and disappointing because patients needing to augment UVF during pregnancy are most likely those with low physiologic UVF. Interestingly, NO donors such as isosorbide dinitrate and L-arginine, have been shown to decrease uterine vascular impedance and ameliorate IUGR. 9, 11 Given the NO donor literature and our own data, we suggest that there may be a preexisting dysfunction in the vascular physiology of some women that either inhibits the production, activity, release and/or availability of NO or, impairs the response of downstream signaling such as cGMP. Without adequate availability of NO, therapies targeting the cGMP portion of the NO pathway or upstream nitric oxide synthase (NOS) enzymes may not be effective. Interestingly, others have shown that estrogen signaling through the NOS pathways increases uterine blood flow and the type of estrogen exposure (acute vs long term) dictates the type of NOS activated. 27, 28 Further studies investigating NO/cGMP pathways within the nonpregnant ovine uterine circulation suggest that activation of both calcium-dependant potassium channels (BKC a ) and NOS is necessary for acute increases in estrogen-mediated uterine blood flow. 29 If both BKC a channels and a functional NO pathway are needed to maximize estrogen-mediated uterine blood flow, compromised activation of BKC a channels or an intrinsic deficiency in estrogen would attenuate NO-/estrogen-mediated vasodilation and uterine blood flow. Although we did not evaluate estrogen levels in our participants, it is possible that those with low UVF may have lower estrogen levels, altered estrogen/progesterone ratios or impaired signaling through BKC a channels, and therefore lower NOS signaling. In this case, targeting signaling molecules downstream of these signaling pathways might not work.
Increased vascular impedance within the maternal uterine artery often accompanies IUGR and preeclampsia and can contribute to growth restriction. [30] [31] [32] [33] [34] Our observations suggest that sildenafil treatment could decrease vascular impedance over time in nonpregnant nulliparous women. This is consistent with the literature indicating that NO donors decrease vascular impedance when given during late pregnancy to preeclamptic women and women at risk for preterm labor. 9, 23, 35 Flow-mediated vasodilation studies on the brachial artery have traditionally been used to evaluate endothelial cell function in pathologies that are characterized by abnormal endothelial cell function such as coronary artery disease. 17, 36, 37 These flow-mediated vasodilation studies indicate an association between abnormal vasodilatory responses and coronary artery disease. [38] [39] [40] Studies have emerged describing the value of using the popliteal artery to gauge endothelial cell function in comparison to the brachial artery. 41, 42 Because endothelial cell dysfunction has been suggested as a contributor to improper vascular adaptation to pregnancy resulting in pregnancy disease, we were interested in determining whether flow-mediated vasodilation in either the brachial or the popliteal artery could be used to predict responders versus nonresponders to sildenafil. 43, 44 Therefore, we evaluated the correlation between the popliteal and brachial arteries and the uterine vascular bed upon sildenafil treatment. Although the correlations were not significant, probably due to small sample size, the correlation coefficients for popliteal flow with UI were notably higher than those for brachial flow. These data suggest that the physiology of the popliteal vascular bed may more accurately reflect the physiology of the uterine vascular bed, though more studies are clearly needed to confirm this speculation.
Sildenafil has been suggested as a therapy for IUGR by targeting the uterine vascular bed to decrease vascular impedance and increase uterine blood flow. We found that in nonpregnant, nulliparous women UVF increased over time as a result of sildenafil treatment whereas vascular impedance decreased. However, due to the segregation of sildenafil responders and nonresponders, we propose that some women may have preexisting endothelial cell dysfunction leading to changes in NO signaling pathways that contributes to low UVF and likewise, might prevent these women from responding to treatments targeted downstream of NO synthesis such as therapies aimed at the cGMP portion of the NO pathway. This challenges the potential role of sildenafil as an effective treatment for increasing uterine blood flow in those at highest risk for suboptimal uterine perfusion.
